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Abstract. Vertical profiles of CQ concentration were col- 1 Introduction

lected during an intensive summer campaign in a coastal

complex-terrain region within the frame of the European Uncertainties in carbon budgets can be reduced by assim-
Project RECAB (Regional Assessment and Modelling of theilating atmospheric C® concentration measurements into
Carbon Balance in Europe). The region presents marked diatmospheric-transport simulation models. ~ This process,
urnal mesoscale circulation patterns. These circulations reknown as inverse modeling, is the usual basis for global stud-
sult in a specific coupling between atmospherically trans-i€s (Ciais et al., 1995; Fan et al., 1998; Rayner et al., 1999;
ported CQ and its surface fluxes. To understand the effectsBousquet et al., 2000; Gurney et al., 2002). However, using
of this interaction on the spatial variability of the observed coarse-grid transport models introduces a number of limita-
CO; concentrations, we applied a high-resolution transporttions: (1) the model grid box does not represent a precise
simulation to an idealized model of land biotic fluxes. The re- Point-wise measurement, but rather an average concentration
gional Net Ecosystem Exchange fluxes were extrapolated foft a typical resolution of hundreds of kilometers; (2) these
different land-use classes by using a set of eddy-covarianc&odels do not realistically account for the heterogeneous na-
measurements. The atmospheric transport model is a Laure of the surface fluxes; (3) they do not resolve small atmo-
grangian particle dispersion model, driven by a simulation ofspheric scales that can be relevant in the transport; and (4)
the RAMS mesoscale model. Our simulations were able tdhey may not resolve the covariance of mixed-layer height
successfully reproduce some of the processes controlling th@ith CO; fluxes and the pertaining “rectification” gradients.
mesoscale transport of GO A semi-quantitative compari- To overcome these problems, several studies have used
son between simulations and data allowed us to characterizéégional transport models with a typical grid of 30-50 km
how the coupling between mesoscale transport and surfac€Chevillard et al., 2002; Lin et al., 2004). In general,
fluxes produced C@spatial gradients in the domain. Tem- mesoscale models of this type produce a better agreement
pora| averages in the simulated €feld show a covariance with CO, concentration data at continental sites than do
between flux and transport consisting of: 1) horizontally, aglobal models. Nevertheless, over complex terrain, or if
CO, deficit over land, mirrored by a GGexcess over the sea the CQ fluxes are very heterogeneous within each grid cell,
and 2) vertically, the prevalence of a meanQf@pletion be- ~many important transport features cannot be resolved. This
tween 500 and 2000 m, and a permanent build-up of @O  supports the use of even finer-scale mesoscale models that

the lower levels. can be brought down to 1 km to better account for heteroge-
neous fluxes and transport and their interactions (Nicholls et
Correspondence toG. Perez-Landa al., 2003; Lu et al., 2005).
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We use here a fine-scale mesoscale atmospheric transpdtl  Airborne CQ concentrations

model to simulate the time-varying Gdistribution over the

complex terrain area of the Valencia basin in eastern SpainThe aircraft routes for the 2 July campaign are detailed in
The ecosystem’s C£Xluxes are estimated with an idealized Fig. 1. In-situ CQ measurements were collected onboard
flux model. The model results are compared top@0ncen- a Sky Arrow aircraft by means of a LICOR 7500 open-

tration measurements made during an intensive campaign tpath infrared analyzer operating at 50 Hz (Gioli et al., 2004).
investigate the processes leading to;&@riability at various  Twelve airborne C@transects were made at either 25m or

scales. 50 m above ground level, predominantly over rice-paddies

The study has four main objectives: (1) to test the use 0f(black line in Fig. 1). Vertical profiles of COwere taken be-
CO; as a tracer of fine-scale transport processes over a conjween 25 m ang d80f(') Tjat 0?]:23’ 07640' 1%;47 andh13r:]03.UTC
plex terrain region, (2) to quantify diurnal coupling between ovler a rice paddy hle ¢ aﬁt € norft erln edge of the f“zo'.’“
mesoscale transport and €€@ux variability, (3) to estimate ta transects,_ ,SOUt 0 the city of Va encia (see Tab_e Lin
the contribution of regional CEsources to the observed GO P06). In addition, airborne flask samplings were carried out

concentration signals, and (4) to gain knowledge about howt five discrete heights between 100 and 1500 m at 07:43,
local processes are transmitted to the regional scale. 11:21 and 14:51 UTC by a second a"F"a”e. fIymg aboye cit-
) o ] rus orchards about 5km west of the rice field site (Fig. 1).
We begin by describing the G&oncentration and  gypsequently, the flasks were analyzed at the Max Planck In-
surface-flux measurements made during the campaigRtitute for Biogeochemistry in Jena (Germany) for the,CO

(Sect. 2). Then, in the context of the regional mesoscale dyNzO, and CH mixing ratios and for the stable isotopes in
namical processes (see alsréz-Landa et al., 2007), we de- co, (Schumacher, 2005).

scribe both the Lagrangian particle dispersion model used for

transporting C@under these dynamical fields and the ideal- 2 2 Airborne and ground-based eddy covariance fluxes
ized model of biotic and fossil C&iluxes (Sect. 3). We make

a qualitative comparison of modeled and observed @0r-  Ajrporne fluxes of C@ and HO were measured during each
nal variability at local (Sect. 4) and regional scales (Sect. 5)hgrizontal transect, using a 3km space length and applying
in terms of the coupled daily cycle of mesoscale and bioticyethods described in Gioli et al. (2004). Ground-based eddy
processes. Finally, we analyze the effects of these process@gyariance flux tower measurements are made at a pine for-
on the temporal averages of the simulated@itribution st called El Saler (SA) and at a rice paddy field (RI). Both
in the Valencia region (Sect. 6). sites are located in close proximity to where the vertical pro-
files were sampled (Fig. 1). The SA flux tower (15.5m) has
been operational since 1998, and measures a dense natural
maquia canopy (1-2 m) with an overstorey dominated by Pi-
nus halepensis trees (50 to 100 years old and approximately
12 m in height). Soil is sandy, well-drained and classified as
arenosol calcareous (FAO, 1998). The rice paddy flux tower
(2m), over a rice canopy of about 60-cm in height, was set
The two-week experimental campaign took place near thaip only for the duration of the campaign. Soil is clay loam
city of Valencia in the summer of 2001, as part of the Eu- (upper horizon, 0—30cm) and silty clay loam (deeper than
ropean project RECAB (sebttp://www.bgc-jena.mpg.de/ 30cm) and is classified as fluvisol calcareous (FAO, 1998).
public/carboeur/projects/rec.htiml We made: (1) airborne For eddy covariance measurements, wind velocity and tem-
CO, concentration measurements both on horizontal tranperature fluctuations were measured with a 3-D ultrasonic
sects near the surface and on vertical profiles (at repeatednemometer (model Windmasterpro, Gill Instruments Ltd.,
intervals during the day), (2) airborne eddy-covariance CO Lymington, UK), and HO and CQ fluctuations were mea-
flux measurements on the horizontal transects and, (3) eddysured with a closed-path infrared gas analyzer (IRGA; model
covariance flux tower measurements at two representativél-6262, Li-Cor Inc., Lincoln, USA). Data were collected
ecosystem sites. In addition, we collected supporting datat a 20 Hz sampling rate and 30-min fluxes were calculated
to be used to interpret the G@ignals: airborne meteorolog- using eddy-covariance software (Alteddy 1.2, Alterra Green
ical observations and fluxes of water vapor and energy. Thes&/orldResearch, Wageningen, The Netherlands). The eddy
datasets, together with the atmospheric circulation patternssystem and data processing followed the standard Euroflux
were described in the companion paper by @eR-Landa methodology (Aubinet et al., 2000). Supporting meteoro-
et al. (2007, referred to as P06). We focus our analysis ordogical measurements were performed at SA and stored as
2 July, a day that was representative of mesoscale circulat0-min averages. They include incoming photosynthetically
tions development (see PO6) and that also provided enoughctive radiation (PAR) (LI-190SA Quantum sensor, Li-Cor
measured profiles to characterise the diurnal cycle of the proinc., Lincoln, USA) and air temperature (AT1 Thermistor,
cesses. Delta-T Devices Ltd, Cambridge, UK).

2 Observed fluxes and CQ concentrations during the
campaign
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Fig. 1. Land cover types in the Valencia region (see legend). Contour lines show the orography every 200m. The location of the smallest-
domain for simulated meteorology using the RAMS mesoscale model is indicated by the black solid line (Grid 4). The campaign region is
zoomed to show the location of the eddy-covariance flux towers (squares) at El Saler pine forest (SA) and over the rice paddies (RI), airborne

horizontal transect (black arrow), vertical profile (big star, P), and flask air sampling (small star, F).
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Fig. 2. Observed vegetation atmospheric £@ux (NEE in umolm~2s~1) as a function of solar radiation in the PAR domain
(umolm=2s~1): (a) El Saler (SA in Fig. 1) during the days selected for driest conditions between June and Augusth?@bé,Rice

tower (Rl in Fig. 1) during 1-2 July.

3 Models of CO;, fluxes and transport model. The RAMS model is described in P06, and here
we only recall the main model input data and results. The
RAMS 4.3.0 non-hydrostatic model was nested three times
with increasing horizontal grid spacing, going down to the
I . campaign domain bounded by 1 W, 38.8N and 0.4E, 39.9N
The transport of C@is simulated using surface fluxes from dFig. 1). Within the campaign domain, the model horizontal

an idealized spatial flux model (see Sect. 3.2) and the 3- Fesolution is 1.5km. and its vertical arid Spacing increases
dynamical fields pre-calculated from the RAMS mesoscale uton 1s 2. ' fts vertical grid spacing |

3.1 Atmospheric dynamical model
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Fig. 3. CO», fluxes estimated according to the text, on 1 and
2 July for the different vegetation types and urban emissions
(umol m—2 s™1). Solid vertical lines represent the times of the

available profiles observed on 2 July.
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Fig. 4. Airborne CQ Fluxes at height of 25 m above the Rice pad-
. . dies measured between 12:52 and 13:02 UTC. The size of each cir-
gradually from 30m to 1000 m, with the model top being ¢je is the CQ Flux density inumol m—2s1.

17000m. There are 15 levels in total below 1000 m. The
model is forced at the lateral boundaries of its largest nesting
domain by large-scale meteorological analyses (Caplan et alplantations” in the CORINE database. This is the dominant
1997). Soil temperature and soil moisture are initialized fromyegetation type in the coastal plains (68% of flat areas for
a two-month spin-up simulation. P06 found that the key dy-an area of 269000ha). The Mixed land-use class groups
namical mesoscale features reproduced by RAMS during theComplex cultivation patterns” (20%), “Coniferous forest”
episode were: (1) a nocturnal drainage flow driven by ter-(209%), “Sclerophyllous vegetation” (35%) and “Transitional
rain shape and gravity, (2) a morning sea-breeze developmemfioodland-scrub”(17%), which all together cover 69% of the
and inception of up-valley breezes, (3) an early-afternoonotal domain, and 95% of the mountainous areas.
“combined-breeze”, where air parcels become sucked inland, Our idealized NEE assumes a common set of parameters
uplifted on mountain slopes, and return seawards at altitudeor each land-use type i, based on point flux tower measure-
lower than 3km and, (4) a southward shift in the breeze flowments (see Table 1). The NEE equations are:
during the late afternoon of 2 July.

If nighttime : NEE=; 1)
3.2 Net Ecosystem Exchange (NEE)

. a; xPAR

We constructed a spatial NEE model based on simple Iandl-f daytime: NEE=¢; — (1—PAR/2000+a; x PAR/b;) &)
use classes and point observations. In such an idealized
model, NEE depends only on radiation in the photosynthet-Wherec; is the average of the quality-checked nighttime
ically active domain (PAR) and on land-use changes. WeNEE measurements (i.e. respiration). The parameteaad
considered three dominant land-use types on the basis of this are fitted by least-square method using quality-checked
pan-European CORINE database at 50 m resolution (CECdaytime NEE data. Equation (2) is a modified form (see
1995): Rice, Citrus, and Mixed. Rice is an irrigated and Falge et al., 2001) of the Michaelis and Menten (1923) hy-
highly productive crop and has a higher daytime-NEE up-perbolic shape.
take than other ecosystems. Rice paddies covering 15000 ha The Rice vegetation parameters are inferred from the
of the model domain (5% of flat areas) are just under the aireddy-covariance data of 1-2 July (Table 1). The mod-
craft profiles, and thus will influence strongly the €en-  eled Rice NEE at mid-day shown in Fig. 3 is in good
centration signals there (see Sect. 4). The Citrus land-usagreement with the independent airborne flux measurements
class corresponds to the many orange tree plantations in thehown in Fig. 4., a feature already pointed out by Gioli et
Valencia region, and are referred to as “Fruit trees and bernal. (2004). Parameters for the Citrus land-use class could not
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be de_termmed during the campaign; 'nStead_' W_e used ecjdyFable 1. Parameters of the NEE simulation model for Mixed, Rice
covariance fluxes measured on a nearby site in July 19934 citrus vegetation, as deduced from different eddy-covariance
(Seufert et al., 1997). datasets (see text).

For the Mixed land-use class, we also lacked direct eddy-
covariance data. Likely, the complex terrain effects and lo- Mixed  Citrus Rice
cal differences in soil moisture availability and rooting depth
will cause a large spatial variability in NEE. The SA Maquia ¢ 1.86 3 36
forest is similar to the forests and shrublands that dominate b; 0.01642 0.025 0.03005
the Mixed land-use class, but its greater proximity to the sea o 4.91 15 28.21
creates wetter conditions (due to the breeze regime) than over ! : :
most of the inland forest regions. Therefore, to constrain the
model parameters for Mixed land-use class, we selected the
driest NEE episodes registered at the SA tower. We identi- o 1 )
fied 12 days between mid-June and mid-August 2001, durinljln emission rate of 4'236109 %C day*, which corresponds
which the mesoscale conditions consisted of dry and warnf® @ flux of 62.7gC m* day™" in the city area. This value
conditions in the absence of a sea breeze (with daily maxiiS much stronger that the mean 1dayt|me NEE uptake flux
mum air temperatures 6£32.4+:2.0°C and daily minimum ~ PY vegetation of -3.739C nt day” for the whole domain
air relative humidity of 30.23.9%, similar those encoun- (S€€ Fig. 3). A mean diurnal cycle is assigned to the fossil
tered over the Mixed land-use class, as shown in Fig. 3 ifuel CO, emissions by using data from the Valencia-city air

P06). Under such an atmospheric water stress regime, th_guality network. Car traffic is the dominant source of £O

NEE in the SA forest at optimum PAR (Fig. 2) was on av- I the city area. Since cars a_lways ejmi.t CO together with
erage 62% lower than the “normal” values (not shown). TheCO2: the diurnal shape of fossil Gmissions could be es-

NEE patterns were coarsely extrapolated to the whole dolimatéd by using hourly CO measurements from three repre-

main using the land-use classes maps (see above) and pAgeNtative air quality station; located inside the city for every
variations. The point-wise PAR measurements from the SaJune and July over the period 19962001 (see daltdtpat
site were assumed to be representative of the whole domaiffVWWw.cth.gva.es/cidam/emedio/atmosfera/index)htrihe
under clear sky conditions (as was the case during the canf€Sulting fossil fuel C@ emissions shown in Fig. 3 show
paign). The resulting NEE temporal variations for each land-fWO Pronounced peaks at around 07:00 and 17:00 UTC, cor-
use type are illustrated in Fig. 3. This idealized NEE model"€SPonding to road-traffic rush hours.

represents real surface @@uxes with high uncertainties . ) . )

due to different sources of error: a) error associated to eddy3-4 Lagrangian particle dispersion model

covariance measurements, b) potential bias due to mismatch

between flux measurements footprint and sources regions, dj/e transport C@ using dynamical fields pre-calculated by
spatial variability within source regions not accounted for. RAMS and the HYbrid Particle And Concentration Trans-
An independent analysis of NDVI patterns (see Appendix A) Port (HYPACT) Lagrangian particle-transport model (Trem-
suggests that our coarse NEE extrapolation scheme captur®ack et al., 1994; Walko et al., 2001). The HYPACT model
well the higher NEE over rice than over citrus, but underes-was formerly applied to the Mediterranean region by Gan-
timates both the mean NEE and its spatial variabilit 4%  9oiti et al. (2001, 2002) and by Kotroni et al. (1999) to study

within small regions) over the Mixed land- use class. the regional transport of pollutants. It was also used to diag-
nose the vertical injection of aerosols in the Alps (de Wekker
3.3 Fossil fuel emissions et al., 2004) and to assess the importance of meteorological

scales in air pollution forecasting over a coastal complex ter-
Urban areas cover 3% of the campaign domain and 7% of th&ain area on the east coast of Spain (Palau et al., 2005).
flat area. The city of Valencia, with 0.8 M inhabitants (60% The HYPACT particle dispersion model has the same do-
of the region) is a major C&fossil fuel source. Itis located main configuration and nesting capabilities as RAMS, allow-
just 10 km north of the vertical profiles. Detailed regional ing us to prescribe surface sources at the RAMS maximum
fossil fuel CG emission inventories do not exist. Thus, we resolution, with either continuous or sporadic releases of par-
disaggregated the annual mean fossil fueb@®issions re- ticle packets. The three wind and TKE turbulence-field com-
ported at the first spatial resolution for the year 1995 in theponents are extracted from the RAMS output every 10 min
EDGAR 3.2 global inventory (Olivier et al., 2001) over the and used to drive the HYPACT model. In HYPACT, particle
campaign domain and increased this by 22% in order to actransport is calculated from interpolated RAMS fields every
count for rising Spanish trends between 1995 and 2001 (Mar30 s, starting 30 h before collection of the first vertical profile
land et al., 2003). All the fossil fuel COemissions in the at 06:23 UTC on 2 July and continuing for 48 consecutive
EDGAR 3.2 grid cell are distributed in the city of Valencia hours following emission. Particle transport and dispersion
(75.9 knt), disregarding smaller cities and roads. This givesare computed within the three nested domains, allowing us

www.atmos-chem-phys.net/7/1851/2007/ Atmos. Chem. Phys., 7, 18682007
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regions covers only 78% of the inner domain. In order to
avoid losing mass from these uncharted areas, we enhanced
particle emissions from each source region by a scaling fac-
tor dependent on vegetation type, so as to match the total flux
prescribed for that vegetation category.

40.4N 1

40.2N

aon 3.6 From particles to concentration

Because of computing limitations, a particle packet could not
be emitted from each grid cell at each time step in a region.
So at each time step (20 s), a single particulate packet is emit-
ted for the region at a randomly chosen grid cell. The tem-
poral emission patterns change every 30 min, and follow the
idealized NEE model. The CQconcentration pertaining to
each regional source is obtained by dividing the number of
particles found in a “detector” grid box by the corresponding
number of moles of dry air simulated by RAMS. We keep
track separately of concentration changes caused by sources
emitting during each 30-min. interval. Each particle is as-
signed a mass of 300 gC so that at least 20 particles equate a
concentration change of 1 ppm, the typical precision of air-
borne CQ measurements (see Appendix Al). Given the
mass of each particle, for 19 regions multiplied by 96 sep-
arate concentration fields (30 min release intervals during a
: 48-h period), we calculated the dispersion of 29 million par-
14W 12% W O8W 0.6W 04W 02W 0  02E 0.4 ticles in total, which represents 14 days of CPU time on a
LONGITUDE 2 GHz local lab-top computer.

39.8N
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Fig. 5. Source regions considered in the particle dispersion model

;srllr:llJelztelcr)]r(;. The colors represent the different land-uses indicated |n4 Observed and modeled C@ vertical profiles driven

by mesoscale processes

to simulate recirculations with veering winds. Note also thatFigures 6a—d shows the observed vertical profiles ob CO

the Mixed land-use source regions are partly located outsig@°tential temperature, water vapor, and horizontal winds.
the smaller model domain (Fig. 1) and are thus sending parti¥Ve only briefly recall here from P06 what is important for

cles inside, which (partly) accounts for external regions con-Understanding the COsignals. A temperature inversion
tributing to CQ variations inside. very near the ground is observed in the earliest profile at

06:23 UTC. The potential temperature profile indicates some
3.5 Source regions vertical mixing below an inversion located at 200 m above

the surface (Fig. 6¢) in the 07:40 UTC profile. The sea
Due to computing-power limitations, particles are not re- breeze circulation starts soon afterwards, and the next two
leased from each RAMS grid cell but rather from a set of profiles at 1147 and 1303 show a mixed layer below 200 m
large source regions, as shown in Fig. 5. There are 18 dif{Fig. 6¢). Above that height, stable conditions persist and are
ferent vegetated regions and one urban region. The contoueinforced during the afternoon by the compensatory subsi-
of each region (Fig. 5) is chosen: (1) to be spatially coherendence over the coast (discussed in P06). The solid circles in
with the dominant vegetation types, (2) to follow the relevant Fig. 6a represent the flask G@neasurements made above
terrain/flow information, and (3) to have a simple geome- Citrus orchards 5 km west of the profiles over the Rice fields
try. We chose, for instance, the five Citrus source regiongFig. 1). Despite the different location, the flask data show
with their symmetry axis parallel to the main valleys, so a gradual decrease in G@oncentrations in the lower levels
that their particles would form distinctly identifiable streams during the course of the day, similar to the continuous pro-
when drained by nocturnal winds. The source regions befiles.
come smaller the nearer they are to the vertical profile site The model fails to reproduce the observed profiles quan-
over the rice paddies (see Fig. 5). The simple geometry setitatively (Fig. 7). One reason for this is the very coarse na-
lected for the source regions leaves some gaps in area, showure of the NEE extrapolation scheme, which likely smoothes
as white areas in Fig. 5, with the result that the sum of the 1%he spatial variations in fluxes and hence in concentrations.
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Fig. 6. Aircraft vertical profiles ofa) CO, concentration (ppm)b) horizontal wind vector (m3sl), (c) potential temperatur€K) and (d)
water vapor (g Kg?l) collected at successive intervals on 2 July of the campaign. Solid circles in (a) represemte@gurements in flask
air samples by another aircraft at a nearby location (see Fig. 1) at the corresponding times indicated in the legend.

The NDVI analysis carried out in Appendix A suggests that (photosynthesis errors). There are also unmodeled transport
within each source region there is a spatial variability on thecontributions such as the contribution of large-scale advec-
order of 14% of the regional mean NEE. This unmodeledtion, capable of advecting stable layers of pollutants in the re-
variability probably causes the Gdields to be too smooth. gion (Gangoiti et al. 2001). Finally, the applicability of avail-
Also, errors in the NEE parameters create errors in the modable turbulence parameterizations under such conditions, or
eled CQ. The sensitivity of the modeled profiles to NEE the limitations of the model in resolving layers of tenths of
parameters (Appendix A2) suggests an error of 10 ppm inmeters at feasible vertical resolutions, may also explain the
the morning (respiration errors) and 20 ppm in the afternoondifferences with the data.
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Fig. 7. Top: profiles of CQ (ppm) measured at P (Fig. 1) at different times on 2 July. Bottom: Simulated contribution to the simulated net
CO, profile in P, at the corresponding time on 2 July, classified by origin and time since emission (shaded colors). Black solid line represents
the net CQ profile obtained by adding negative and positive signals.

In Fig. 7, the comparison between modeled and observed.1 Nocturnal regime
profiles remains qualitative. It can be seen as an attempt to
test the model’s ability to reproduce the characteristic mete-
orological and biological processes. In this figure, the mod-During nocturnal hours, respired GOnerges with stable
eled CQ concentration is horizontally averaged over a 3-km drainage winds flowing towards the sea. The 06:23 pro-
radius around the aircraft profile site and is plotted vertically file shows a higher C©concentration in the lowest 100m
every 5m. The contributions from different sources at differ- than aloft. - A pool of respired C£is trapped inside the
ent time intervals are also shown. near-ground thermal inversion and advected towards the sea
We have divided the one-day measurement period intdy drainage of katabatic winds (Figs. 6a—b). The observed
three different consecutive stages in order to analyse the prdiear-surface C@®build-up amounts to 30 ppm; a back-of-
cesses driving changes in the £ertical distribution. Al €nvelope calculation in which 1.8émol m-2 of CO (i.e.,
times are expressed in UTC units. the Mixed land-use respired G@lux in Table 1) is injected
into a 100 m-thick surface layer for 8 consecutive noctur-
nal hours, gives a C£accumulation of 15 ppm. In contrast
to the data, the simulated vertical profile (see Figs. 6 and
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Fig. 8. Time series of the simulated profile of the lower 3km of the atmosphere for wind ¥mand CGQ (ppm) at the place where
continuous profiles were measured (see Fig. 1) on the 1 and 2 July. Wind arrows are plotted for every layer of the meteorological model and
for every hour, while C@ concentrations are calculated every 20 m. Solid white lines represent the times of the vertical simulated profiles
shown in Fig. 7. We added 366 ppm to the positive and negative simulated signal as an offset obtained from the average ohthesCO
measured at the top of the four profiles considered in this study.

7) shows a near-surface G®uild-up of 10 ppm only. The Just above the surface layer, there is some variability in the
CO, drainage pool is predominantly composed of moleculesCO, profile, with occasionally higher values than at 06:23
respired during the previous 5 h, coming from Mixed and Cit- (Fig. 6a), reflecting the uplifting of respired GGn large
rus land-use source regions. This could be due to an undeconvective eddies. In the model, the wind speed weakens
estimation of the respiration from these classes, as is also imat around 07:00, in good agreement with the observed transi-
dicated by the NDVI analysis (Fig. A2). Another factor that tion to sea breeze flow (see also Fig. 8 and P06). During the
could explain this bias is the excess of simulated TKE duringtransition, the modeled vertical mixing increases in the first
the stable conditions, since the shape of the modeled pro300 m of the air column (Fig. 7). At 07:40, we simulate a
file suggests more vertical mixing than observed. Moreoverhomogeneous CfOprofile, containing opposite GQcontri-
the modeled drainage wind is too weak compared to the datautions from nearby Rice and Citrus regions (Fig. 7). Unlike
(see P06), which could underestimate the fetch of the nocthe model, the data still show an accumulation of-G@ar
turnal drainage currents. Superimposed on these drainag®e surface, because the initial nocturnal build-up was greater
effects, we simulate a local, small negative contribution ofin the data than in the model at 06:30.
1 ppm caused by the recent @0ptake over Rice.

4.3 Diurnal regime
4.2 Transition between nocturnal and diurnal regimes

This stage is associated with the development of the breezes
A transition between drainage winds and sea breeze incepdirected inland. At 11:47, the sea breeze was already devel-
tion occurs three hours after sunrise (at 07:40). This periotbped (see winds in Fig. 6b). Photosynthetic uptake decreases
is characterized by very low wind speeds (Fig. 6b). Photo-CO, by 15 ppm from the earlier profile measured. The profile
synthesis and vertical mixing by turbulence act to decreaseshows that between 200 m and 300 m there is a layer depleted
CO, in the lowermost part of the profile. Between 06:23 of CO, by about 30 ppm (Fig. 6a). This layer is not appar-
and 07:40, the data show a g@ecrease of 15 ppm, which entin the wind and KO profiles. Above this layer, the GO
would correspond exactly to the removal of £y the NEE  builds up forming a “hump” of 15 ppm at a height of 400 m.
of Rice vegetation (Table 1) from a 100 m thick surface layer.By 13:03, the layer has disappeared, but variations of up to
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5 ppm persist throughout the profile. Due to photosynthesis, At 08:00, during the transition regime, solar heating of
a continuous decrease is observed in the Gthounting to  the eastern slopes facilitates the development of local val-
5 ppm since the former profile at 11:47. The model does notey breezes. However, close to the coast and offshore, the
agree gquantitatively with the data, but it shows the formationCO, drainage pool formed during the night is still present
of a depleted layer at 400 m. In the 11:40 profile, the sourcg(Fig. 9b). The horizontal wind convergence lines (Fig. 9b)
analysis suggests that no land-use class contributes to thet 08:00 indicate that vertical injection has started to occur
profile (everything comes from the sea, where the flux is setocally. The flow shows a very complex circulation in which
at zero). Thus, the simulated G®ertical distribution is ho-  the scales of the processes are related to each valley’s size
mogeneous, except for a small Rice uptake signal (a negativand shape. Note also that there is a wind divergence from the
2 ppm) near the surface. Between 13:00 and 13:40, the modsenter of each valley. Photosynthetic uptake has the effect of
eled CQ profile shows a continuing decrease in£telow  strongly decreasing G Oconcentrations over land at 08:00
200 m, due to Rice uptake. The model produces a ager as compared to the previous 06:00 time interval. Given the
depleted by 6 ppm a&500 m, which deepens and moves up- shallow mixed layer height at this time, G@ear the sur-
wards between 13:00 and 13:40, and summing up to a toface drops abruptly from its highest to its lowest values of
tal negative anomaly of —13 ppm (Fig. 7). It is encouragingthe day within only two hours (compare Figs. 9a and b). A
to see that a high-resolution model can simulate the layergeneralized wind reversal from seaward to landward (Fig. 8),
ing in the vertical CQ concentration distribution. By 13:00, precludes the advection of this G@ptake signal towards
the modeled layer contains the dominant signature of the rethe sea. Thus, offshore elevated £¢dncentrations are pre-
cent Rice vegetation uptake to which the air mass was exserved in a stable “drainage lake” containing £@spired
posed. Later on, at 13:40, it receives additional contributiongrom the former night.
from the uptake over Citrus and Mixed land-use (Fig. 7). In-  Later in the morning, at 11:00, the sea and valley breezes
terestingly, we diagnose a positive g@ontribution from  begin to merge into a “combined breeze” (Fig. 9c). The
the Mixed regions to the modeled layer. This positive2CO combined-breeze circulation extends from over the sea where
anomaly reflects the fact that 50% of the sources were activéhe winds diverge, up to the coastal mountain ridge parallel to
during the previous 5-10 h, besides those active 10-15 h eathe coast where the winds converge (see P06). In the north-
lier, that is, the respiration from the former night. The last ern part of Valencia, the convergence line is situated more
profile simulated at 15:40 is influenced near the ground byremotely from the coast and lies outside the domain of the
Rice vegetation uptake and by old 15 h) Citrus, Mixed and  figure (but was still apparent from the simulation in the next
Urban sources. Above 900 m, there is a negative variation ircoarser nesting domain). The “drainage lake” formed during
the simulated CQprofile of -5 ppm, reflecting the action of the night becomes diluted and is swept back inland by sea-
Citrus and Mixed vegetation sinks that were active during theto-land breezes, producing a g@®aximum in the Southeast
previous 5h. of the domain (Fig. 9¢). Further inland, G& decreased by
photosynthesis, with local minima over rice-paddy and cit-
rus. The fossil C@ plume from the city is advected inland
5 Basin-scale changes in C@distribution driven by and channeled upward onto the Turia valley (Fig. 9c).
mesoscale processes At 15:00 in the afternoon, the winds veer to the SE over
the sea and the pattern of the convergence lines looks quite
We now use the spatial and temporal coverage of the modedifferent from the one at 11:00, although the breeze persists
output to explain C@variations in the Valencia basin. The (Fig. 9d). The high C@concentration values from the rem-
time-varying vertical distribution of the G shown in  nants of the “drainage lake” are transported northerly across
Fig. 8. Figure 9 shows the CQlistribution near the surface the campaign domain (compare Fig. 9c to Fig. 9e). Together
(0-30m). A constant offset value of 366 ppm is added towith a gradual decrease in photosynthesis after noon, the
simulated time-varying C®concentration anomalies. This passage of this COmaximum explains why C@remains
offset is chosen to be equal to the average @&lue mea- 1.5 ppm higher near the coast than inland.
sured at the top of the four aircraft profiles. At night the land  In the evening, the wind direction remains from the South-
drainage flows with elevated GQOvalues (up to 376 ppm) east over the sea, but diverges over land and shifts to the
penetrate over the sea. In Fig. 9a, the maximum simulatedNortheast in the southern part of the domain (Fig. 9e). Such
values of CQ at 06:00 are located downwind of Valencia a flow transition displaces the position of the mountain con-
city. The city plume of fossil fuel C@adds to the conver- vergence lines, which re-organize as two “brackets” perpen-
gence of respired Cfstreams channeled by the Xucar and dicular to the coast (Fig. 9e). In the northern part of the do-
Turia valleys to produce a “tongue” of G&enriched air that  main, the fossil fuel C@ plume continues to accumulate in
extends more than 100 km away from the coast. At 06:00, thehe Turia valley, with concentrations reaching above 373 ppm
first effects of photosynthetic uptake appear over the sunnyownwind from the city. Note also that 18:00 represents the
slopes of the mountains outside the valley flows. This pro-local rush-hour traffic, which adds to the elevated plume con-
duces lower near-surface G®alues (Fig. 9a). centration.
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Fig. 9. Horizontal streamlines (white) and net g8imulations (shaded colours) for the first level of the mode(&t06:00,(b) 08:00,(c)
11:00,(d) 15:00,(e) 18:00,(f) 21:00 UTC on 2 July. Solid dark grey lines represent convergence lines of the simulated horizontal wind.
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Fig. 10. The 48-h average simulated Q@) in the lower 4 km of the atmosphere following the inland cross-section A-B (ye(lon
the lower 4 km of the atmosphere following the sea cross-sectieD (®brown), (c) vertically integrated in the whole regional doma{d)
at the 1000 m height sigma level (pinKg) at the 15 m height sigma level (green) gfidlatitudinally integrated in the lower 6 km of the
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Finally at 21:00 (Fig. 9f), the nocturnal stage of the Combined with this vertical rectification, there is also a
mesoscale circulation cycle begins again. The air cools sufhorizontal covariance between flux and transport. The cross-
ficiently and starts forming katabatic drainage winds. Thesection of<CO,> over the sea in Fig. 10b shows that pos-
simulated CQ rises at all points near the surface up to val- itive signal concentration predominates in the lower levels
ues greater than 367 ppm, an increase driven by ecosysteand that there are two regions aloft where the depletion of
respiration. <CO,> is present. This horizontal pattern is related to the
features shown on the inland vertical cross-section, although
some differences can be observed. The smoother horizon-
tal signals are a consequence of the longer distance to the
sources, and the altitudes wheeg£O,> depletion is ob-
served are lower due to the greater subsidence over the sea.
These location-dependent differences become more evident
In this section, we investigate how the coupling between theyhen analyzing the simulatedCO,> integrated in the ver-
periodic mesoscale circulation in the Valencia basin and th&jcal and horizontal direction in Figs. 10c and f. We observe
CO;, surface fluxes generates gradients in the temporally avin Fig. 10c that there is aCO,> deficit over land, coupled
eraged CQ distribution during the 48-h period. The time- with a <CO,> excess over the sea. The mean excess over the
averaged C@ concentration anomaly is noted aCO;>.  seais created by the nocturnal drainage of respiresl
Two modeled vertical cross-sections @CO,> are shown  the next day, it stagnates over the sea and becomes partially
in Figs. 10a—b. Both cross-sections are parallel to the coasie-entrained back over land (Figs. 10e and 9). Most of this
and perpendicular to the main wind flow direction. One Sec-excess<coz> is confined near the sea surface and over the
tion is located 20 km offshore (Flg 10b) and the other 20 kmcoasta| p|ains_ Figure 10d shows th€O,> minimum at
inlan_d (Fig. 10a), to characterize the horizontal and verticalthe 1000 m height, corresponding to photosynthesis-exposed
gradients. air parcels injected into the return flow during breeze devel-

The cross-section over land in Fig. 10a shows a verticalopment and horizontally stratified over the sea by compen-
rectification gradient. The respiration and fossil fuel emis- satory subsidence.
sion of CQ during the nocturnal regime, when stable con- The formation of such horizontal and vertical gradients
ditions prevail, determines higher mean £€bncentration in the mean C@ can be expected in many other coastal ar-
values in the lowermost 200 m. GQ@ssimilation by plants eas with similar mesoscale circulation features. For instance,
produces a broaedCO,> depletion aloft, between approxi- the Western Mediterranean Basin is surrounded by mountain
mately 500 m and 2000 m (Fig. 10a). Thi€O,> minimum ranges which could all generate similar mesoscale tCans-
reflects the transport of photosynthesis-exposed air parcelgort patterns. Extrapolating from our analysis, both a strong
that: (1) can be injected at different distances from the coashegative vertical gradient ia CO,> with increasing altitude
and heights above the ground and (2) are sunk by the efand a large horizontal gradient mCO,> with higher val-
fect of compensatory subsidence while returning aloft to-ues over the sea and lower values inland could be expected
wards the sea. When the convergence lines are consolidateas a result of the combined mesoscale effects at the WMB
along the ridges of the coastal mountain ranges, the injecscale. This is very different from what a global model would
tion occurs higher, which explains the depletion<a€O,> simulate and, if proved to be widespread, such mesoscale ef-
in the northern sector above 3000 m. The only exception tdfects should be considered at any station meant to measure
the generalized depletion rnkCO,> observed above 500m “background” regional air.
is the positive signal located up-valley of Valencia city. The If in the future we seek to map the effect of local fluxes
city, emitter of fossil fuel C@, is the only source of positive from CO, concentration measurements, analysis of the spa-
signal active during the diurnal regime and is also exposedial distribution of <CO,> in Fig. 10 suggests that a sam-
to the aforementioned mesoscale processes, whose effeqiding strategy for inverting the regional carbon fluxes of the
create the increase iRCOy> inland at the lee of the city. Valencia basin must consider taking vertical profiles of,CO
In our study area, the 3-D character of the flow driven by from the ground to heights that can reach 3500 m during the
mesoscale circulations explains why th€0,> minimum  afternoon. The high variability of the GQrertical distribu-
compensating for the:CO,> maximum near the ground is tion in the lower 1500 m (Fig. 10) suggests that the sampling
modeled at much higher altitudesr1000 m) than in “clas-  density should be high both spatially and temporally. One
sic” diurnal rectifier simulations over flat terrairz400 m) could then take vertical profiles simultaneously over the sea
involving vertical dilution of photosynthesis by convective and at different locations inland to capture photosynthesis,
mixing (Denning, 1994; Denning et al., 1996). The specific and to use the drainage winds at night as a “laboratory assis-
role of breeze circulations in the vertical profile @CO;> tant” to quantify regional respiration fluxes.
can also be seen by comparing the relatively modest daytime
mixed layer height in Fig. 8 with the higher altitude of the
mean CQ minimum in Fig. 10a.

6 Spatial gradients in time-averaged CQ due to
mesoscale processes
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7 Summary and conclusions effects. This cycle could cause airmasses with different his-
tories, different CQ signals and high temporal variability to
Vertical profiles of CQ concentration were collected during be included in a given vertical profile. The mesoscale pro-
an intensive campaign in the Valencia region, on the westercesses we have studied during a short campaign prevail in
Mediterranean coast. The marked diurnal cycle of the flowthe Valencia region every year from April to September and
due to the development of mesoscale circulations, analyzeghould be taken into account in any future study aiming to
in P06, determines the GQvariations. We set up a 3-D La- explain the variability of C@ during the course of a year.
grangian particle dispersion model, driven by meteorology studies on air pollution in the Western Mediterranean
calculated from RAMS (P06). The regional distribution of Basin have shown that similar mesoscale circulations are
NEE is coarsely extrapolated using a set of eddy-covariancgresent in many of the regions with coastal mountains, where
measurements. The simulated £€oncentration field is  jnteraction at different scales generates a self-organization
compared with observed vertical profiles to study the transf the flow at basin level (Millan et al., 1997; Gangoiti
port processes. Because of limitations in the prescribed NEEgt 4., 2001). If this simulated distribution of the mini-
contributions from long-range transport and biases in mod-nym and maximum atmospheric G@oncentration linked
eled meteorology (see P06), our simulation could not matcho mesoscale processes in the Valencia region is boldly ex-
the observed profiles quantitatively. Despite such caveats anglapolated to the rest of the Western Mediterranean coastal
limitations, our CO2 transport simulation could SUCCGSSfU”y regionsl a |arge scale of horizontal and vertical gradients
reproduce some of the important processes that control thgoyld occur around the whole basin. This hypothesis could
mesoscale transport of GOThese processes are: be tested by combining mesoscale model approaches, using
more realistic estimations of NEE, with vertical g@rofiles

1) The nocturnal drainage circulation, which advects a,ollected simultaneously over the sea and inland.

shallow layer with high C@ values (from respiration)
just above the sea to distances of up to 100 km away

from the coast,
Appendix A

2) The diurnal transport of C&by the breeze circulations
which creates low C®concentrations, due to air mass Analysis of uncertainties in the different components of
exposure to vegetation uptake in a relatively shallowthe measuring/modeling systems
mixed layer capped by subsidence,

o Al Uncertainties in the vertical COand HO measure-
3) The presence of lower GQroncentrations in airmasses ments

that were injected along the convergence lines into the

return circulation branch, In the vertical profiles, C@and HO number densities were

measured with an open-path IRGA, and then mole frac-
etions were computed using the temperature and static pres-
- . ) . g sure measured by the Mobile Flux Platform. Errors in mole
mixing and permits the formation of airmasses with a . 4 : . .
N . fraction computations can arise from errors associated with
strong CQ deficit in the atmosphere. Such subsidence :
) - both static pressure and temperature measurements, as well
also increases the stability of the atmosphere above the ) " :
as from errors related to the different positions of the static

mixed-layer top and contributes to maintain these strong : !
CO; signals aloft, pressure measurement point and the IRGA optical path.

Static pressurés is measured by means of a pneumatic
5) The generation of a regional maximum and minimum in @verage of four points located at 41.8 deg on the MFP sphere.
<COy,>, with a negative verticakCO,> gradient up-  Errors inPs can arise from sensor errors and from probe de-
wards and a negative horizontalCO,> gradient sea- sign, and a detailed error analysis can be found in Crawford
wards, showing a covariance between fluxes and transand Dobosy (1992) along with results with an error of less
port. Vertically, the depletion incCO,> prevails be-  than 1%; within normal operating range, whegeis the dy-

tween 500 and 2000 m, while in the lower levels a per- namic pressure, around 0.1 kPa at SkyArrow ﬂlght SDEEd. An
manent build-up 0&CO,> persists. uncertainty of less than 0.18 in absolute temperature mea-

surement using the MFP equipment has also been reported
These processes, identified here only for only one briefby Crawford and Dobosy (1992). The IRGA optical path has
episode, may be frequently encountered in the Mediterraneaa real pressure that is different from the pressure measured
atmosphere. In general, during the warm season, we expeadn the sphere because of the aerodynamic effects that occur
the flow to show a marked 3-dimensional character and ben the IRGA body. Such a difference is a function of aircraft
highly sheared and in continuous transition between the dif-air speed and attitude angles, and we estimate (from com-
ferent stages of the diurnal cycle that generates recirculatioputational fluid dynamics, data not shown) that an error of

4) The evidence that compensatory subsidence limits th
vertical dilution of the NEE daytime uptake of GOy
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Fig. Al. Sensitivity test of the simulated vertical GQrofiles to the NEE estimation. R0, CO and MO represent the Rice, Citrus and
Mixed land uses, with the parameters obtained in Sect. 3.2 and M+, C+-arbifig defined according to the Appendix. ROCOMO (black)
represents the control case. The three tests performed are: ROCOM+ (brown), ROC+M+ (green) aMtRaAa&rk green).

less than 0.7 KPa is associated with pressure measuremen*gble Al. Parameters of the NEE simulation model obtained for
on the MFP sphere. Mixed under normal (not dry) conditions (M+) and estimated to
By combining such multiple error sources into the abso-test the sensitivity of the study to an increase of 50% (C+) and a de-
lute concentration computation, an accuracyxfppm is  crease of 50% (€) in the activity of the Citrus landuse considered.
obtained for the experimental data.

M+ C+ C—-
A2 Estimation of NEE . 2.86 45 15

To test the approach used in this study to estimate vegetation b 0.00246 0.0375 0.0125

fluxes, we performed some sensitivity tests to check the con- a; 12.83 225 7.5

sistency of our results with respect to the simulated @&-

tical variations described in Sect. 4. The selection of the dry-

condition days in SA to obtain the parameters in Eq. (1) was

considered adequate for representing the vegetation activityptain the maximum variation in the flux estimation. Fig-

under inland conditions during the campaign (Sect. 3.2). Inyre A1 shows that the three cases present vertical distribu-

case M+ (see Table A1) we estimated the SA parameters dukjons similar to the control case. Although there is a quantita-

ing the two-week campaign under normal conditions (moder+jve change in the values of the layers, the main conclusions

ate temperature and humidity). Thus, we were able to estabyf this study regarding the vertical distribution of €@ a

lish a high-level vegetation activity that helped us to estimatecoastal complex terrain region are not affected.

the influence of error in the flux estimation of this land use.

Case C+ (G) in Table Al aims to represent the high (low) A3  Estimation of the spatial distribution of sources

level activity of the Citrus orchards, where the parameters

are obtained by increasing (decreasing) the @@xes inthe  To check whether the source distribution established in the

fitting of Eq. (1) by 50%. We consider that the parameters esCQ,-transport simulation with HYPACT in Sect. 3.5 per-

timated from the eddy-covariance tower data at the rice fieldmitted a realistic distribution of the vegetation activity in

(Table 1) can be regarded as representative of the totality ofhe whole region, we compared it with the NDVI (Nor-

rice fields because all the crops are located in a region unmalized Difference Vegetation Index) obtained from satel-

der similar conditions. This was confirmed by the aircraft lite data (SPOT 4 VEGETATION data, available hitp:

horizontal transects (Fig. 4). /ffree.vgt.vito.be CNES copyright) during the 10 days com-
We tested 3 cases by combining MO and CO (parameterposite period centered on 1 July 2001 (Fig. A2). We calcu-

according to Sect. 3.2 in both cases), M+, C+ and © lated the average and the standard deviation of NDVI in each
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A4 Uncertainty in the modeled transport

404N{" SO L Our model approach is based on the results of the RAMS
NN e : ' : meteorological simulations described in PO6. This compan-
ion paper evaluates the skills of the model, in simulating the
different flow regimes during the selected case. The statis-
tical comparison between the observed and simulated wind
in seven meteorological ground stations during the 1 and 2
July showed an Index of Agreement of 0.79, a RMSE of
1.54ms?, and a VWD of 2.18 ms! (see Table 2 in P06),
which are very good values if compared them with recent re-
sults using similar modelling strategies (or tools) in different
air quality studies (as referred to in P06; e.g., Seaman and
Michelson, 2000; Hanna and Yang, 2001; Zhong and Fast,
2003). It is difficult to quantify how the uncertainty in mod-
eling meteorology will affect the transport simulation of any
tracer. In a nearby region under similar meteorological con-
ditions, Palau et al. (2005) showed similar statistical skills
using RAMS to simulate the dispersion from a coastal power
plant by means of HYPACT. In their study, the availability of

a02n]
400N{

39.8N]

39.6N{
39.4N

39.2N

39.0N

v \.
Sy

38.8N . DS : N oy : remote sensing measurements (COSPEC) of the power plant
’ ' 08 «lﬂi'f' 4540 E,) X plume aloft, permitted the direct evaluation of the dispersion
28.6N - y_‘sﬂjiaﬁ’!" model simulation of the diurnal evolution of the plume inte-
. 4 - - 'f o

,‘ e gral advection. Figures 5 and 6 of the referred study showed
L : : that the coupling of both models could capture the plume
‘ ‘ veering generated by the diurnal cycle, although some devi-
ations in the dispersion were reported. Given the similarities
between this study and ours with respect to conditions and
1.0 uncertainty it is logical to expect biases in the dispersion,
which could have an impact on the value of the simulated
concentration. It is also reasonable to expect that our model-

Fig. A2. NDVI estimated from satellite. Colours represent values In9 Scheme will likewise be capable of simulating the diurnal
for every pixel of 1kn? during the 10 days composite period cen- transport cycle for the different GGources configured.

tered in 1 July 2001. Numbers represent the average and standard . )
deviation of the values in each of the 19 emission sources defined\cknowledgementsThis work has been partially supported by the
in the transport model, indicated by black solid line. projects RECAB (EVK2-CT-1999-00034) and CARBOEUROPE-

IP (GOCE-CT-2003-505572), funded by the European Commis-
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